The bacteria in the genus Bacillus have been characterized by their Gram reaction, morphology, nutritional properties, and ability to sporulate (Smith, Gordon, and Clark, 1952) . Chemical studies on the deoxyribonucleic acid (DNA) of various species have indicated that the guanylate + cytidylate (GC) moles % composition varies from 33% in B. cereus to 50% in B. macerans (Marmur, Seaman, and Levine, 1963) . The base composition of the bulk ribonucleic acid (RNA) of vegetative cells does not vary widely among species (Belozersky and Spirin, 1960) , and, in the case of B. subtilis, it has been shown that the transfer RNA and ribosomal RNA of spores and vegetative cells are essentially identical (Doi and Igarashi, 1964a) .
The relationship between different species of Bacillus has been investigated more recently by testing for hybrid formation between DNA of various species (Marmur et al., 1963) . Only a few species, with similar base composition, formed molecular DNA hybrids. In genetic studies with Bacillus species, transduction occurred only when transducing phage was propagated on a homolo-' Present address: Department of Biochemistry and Biophysics, University of California, Davis. gous host (Thorne, 1962) . In one case, transduction between species failed although the phage was capable of infecting both species. In other genetic tests, transformation succeeded only with DNA from those species whose base compositions were similar to that of the competent recipient cells (Marmur et al., 1963) . In both the physicalchemical and genetic studies, relationship between species was found only when the DNA base compositions were closely related; however, similarity in DNA base composition could not be used as an absolute criterion for genetic relatedness.
In nature, the spore form of Bacillus species may bestow a high degree of survival to these organisms. Recently, it has been demonstrated that Bacillus species synthesize RNA of the messenger type (Jacob and Monod, 1961) during sporulation (Doi and Igarashi, 1964a; Aronson, Bacteriol. Proc., p. 96, 1964) . If the genes involved in sporulation favored the survival of the organism, it was possible that the sequence of nucleotides in these genes was conserved during the evolution of these spore-formers. This hypothesis has been tested by looking for hybrid formation between DNA and pulse-labeled RNA from log-phase cells and sporulating cells of various Bacillus species. The formation of DNA-RNA hybrids is indicative of complementary nucleotide sequences (Hall and Spiegelman, 1961) . This method has been used extensively by McCarthy and Bolton (1963) and Hoyer, McCarthy, and Bolton (1964) in previous studies on bacteria and higher forms of organisms. Furthermore, the similarity in base composition of the ribosomal RNA of Bacillus species prompted us to examine hybrid formation between heterologous DNA and ribosomal RNA. The results indicate that some DNA-RNA hybrid formation will occur between Bacillus species whose DNA compositions differ by as much as 17% GC content; however, hybrid formation was not significantly greater between heterologous DNA and pulse-labeled RNA from sporulating cells as compared with pulse-labeled RNA from log-phase cells. The analysis with ribosomal RNA suggests that the sequence of nucleotides in these cistrons has been conserved much more than in the rest of the genome. Media. All cells except B. stearothermophilus and B. macerans were grown in Antibiotic Assay Medium (BBL). The medium for B. stearothermophilus was 2% Tryptone (Difco). B. macerans was grown in Antibiotic Assay Medium plus 10 ml of rice starch extract per 100 ml of medium. The rice extract was prepared by boiling 10 g of rice in 100 ml of distilled water and centrifuging at 3,000 X g for 10 min. All cultures were constantly agitated on a rotary shaker at 37 C, with the exception of B. stearothermophilus which was incubated at 55 C.
Preparation and purification of DNA. Two-liter cultures were harvested by centrifugation when the optical density (OD) of the culture at 660 m,u (Beckman DU; 1-cm light path) reached 0.6. The cell pellets were washed once with a solution (TMS) containing 0.005 M MgCl2, 0.01 M tris(hydroxymethyl)aminomethane (Tris, pH 7.2), and 15% sucrose (w/v). The cells were resuspended in 50 ml of TMS containing lysozyme (1 mg/ml), and were incubated at 37 C until the cells were transformed into protoplasts. The protoplasts were disrupted by the addition of sodium dodecylsulfate to a final concentration of 2%. The suspension was vigorously stirred with a glass rod for approximately 1 to 2 min. The viscous DNA solution was immediately added to 10 ml of phenol preheated to 45 C and constantly agitated for 15 min at 45 C. A solution of NaClO4 was added to a level of 1 M. From this point the procedure described by Marmur (1961) was adopted. After extraction by the Marmur method, each DNA solution was purified further by passage through a methylated albumin kieselguhr (MAK) column (Mandell and Hershey, 1960) . The DNA was eluted with an 0.5 to 1.1 M NaCl linear gradient. The DNA was pooled and dialyzed against a 0.15 M NaCl-0.015 M sodium citrate (SSC) solution (Marmur, 1961) and precipitated by the addition of 2 volumes of 100% ethyl alcohol. The precipitated DNA was dissolved in SSC solution and dialyzed against SSC solution to remove any residual ethyl alcohol. The DNA preparations were denatured by heating at 100 C for 15 min and cooling quickly in an ice bath.
Preparation of pulse-labeled RNA. The preparation of pulse-labeled sporulation RNA and the SCM medium was described previously (Doi and Igarashi, 1964a) . Pulse-labeled log-phase RNA was prepared by growing the cells in SCM medium to an OD of 0.3, at which time uridine-H3 (20 Ac/ ml; 1.1 Ag/ml) was added for 3 min. The cells were quickly chilled by pouring onto iced buffer (0.01 M Tris, 0.005 M MgCl2, 15% sucrose, pH 7.3) and harvested. The cells were frozen before the RNA was extracted.
Preparation of uniformly labeled ribosomal RNA. Cells were grown in SCM medium containing 0.001 M phosphate to a density of 0.075, at which time P3204-3 (50 ,uc/ml) was added. The cells were grown to a density of 0.35, centrifuged out of the radioactive medium, and resuspended in fresh SCM medium containing 0.005 M phosphate. The cells were aerated until they reached a density of 0.75; at this time actinomycin D (10 Ag/ml) was added for 20 min, to prevent further RNA synthesis (Levinthal, Keynan, and Higa, 1962) . The cells were quickly chilled and frozen.
Purification of RNA. The phenol method of Gierer and Schramm (1956) was used for purification of all RNA preparations. The P32-labeled ribosomal RNA was further purified by passage through a MAK column, with an 0.3 to 1.2 M NaCl linear gradient. This procedure eliminated practically all of the P32-containing materials which were not RNA. The peak tubes of 16S and 23S ribosomal RNA were pooled and used for the hybrid studies.
Assay for DNA-RNA hybrid formation. The membrane-filter method described by Nygaard and Hall (1963) was used for the detection of hybrids. The typical annealing mixture contained from 1 to 50 ,g of heat-denatured DNA, 2 X 105 count/min of RNA, 0.5 M KCI, and 0.01 M Tris buffer (pH 7.3), in a total volume of 1 ml. The mixture was held at 70 C for 6 to 12 hr. Before filtration, the mixture was treated with 20 ,g/ml of ribonuclease at 30 C for 20 min. Reproducible results were not obtained unless ribonuclease treatment was performed before filtration. Base ratio analyses were performed as described by Hayashi and Spiegelman (1961) . Radioactivity was assayed as previously described (Doi and Igarashi, 1964a 
RESULTS
Cells in the stationary phase preceding the appearance of endospores were examined to determine whether genes active during sporulation could be indentified. B. subtilis W23 cells which were 2 hr into the stationary phase were pulselabeled with uridine-H3 or P3204-3. The RNA so obtained will be referred to as sporulation messenger RNA. This RNA fraction had a base composition almost identical to that of B. subtilis DNA (Table 1) .
The critical test was to illustrate that this population of messenger RNA was different from that found during the log phase of growth. This was accomplished by using the technique of Hall et al. (1963) . They demonstrated competition between homologous molecules of RNA for sites on the DNA during hybrid formation. However, when two heterologous RNA popula-' tions were tested, less competition was observed, suggesting that the RNA populations were from distinct genetic sites.
Therefore, a constant amount of labeled sporulation messenger RNA was incubated with a constant amount of DNA and an increasing amount of unlabeled log-phase RNA during hybrid formation. The result of such a competition experiment is illustrated in Fig. 1 . The logphase RNA cannot compete against a certain fraction of sporulation messenger RNA, as evidenced by the difference in plateau values of hybrid remaining in the homologous and heterologous competition experiments. These results are similar to the competition experiments with other types of messenger RNA reported previously (Doi and Igarashi, 1964b) .
This apparent difference in the two populations of messenger RNA prompted further investigations into the possibilities of conservation of genes involved during the sporulation process. The base composition of the pulse-labeled RNA from the sporulation and log phases was analyzed (Table 1 ). The base composition of the log-phase RNA indicated that a mixture of ribosomal and messenger RNA was present (Midgley and McCarthy, 1962) ; the sporulation RNA had a composition almost identical with DNA. A series of experiments were performed with the log-and sporulation-phase messenger RNA and ribosomal RNA to test whether similar nucleotide sequences could be identified in Bacillus species with wide compositional differences in their DNA, to compare the relative efficiency of hybrid formation between the two messenger RNA populations with heterologous Bacillus DNA, and to examine whether ribosomal RNA cistrons were conserved among Bacillus species.
The DNA from five species of Bacillus whose GC composition varied from 33 to 50% were tested for hybrid formation with various homolo- gous and heterologous Bacillus messenger RNA. The DNA from three other genera were also tested in some cases. The relative amounts of DNA-RNA hybrid formed between the two populations of B. cereus T messenger RNA and a constant amount of heterologous DNA are listed in Table 2 . Each hybrid annealing mixture contained 25 ,g of heat-denatured DNA and log-phase RNA-H3 (150 Ag, 2.5 X 105 count/min) or sporulation RNA-H3 (175 ,ug, 2.9 X 105 count/min). There is a sharp decrease in the amount of hybrid 3-87 VOL. 90, 1965 on November 6, 2017 by guest http://jb.asm.org/ Downloaded from formed when heterologous DNA preparations are used. The amount of hybrid formed in the heterologous cases is related, however, to the proximity of the composition of the heterologous DNA to that of B. cereus DNA. The one slight exception is the difference found between B. stearothermophilus and B. macerans, which both have 50% GC DNA composition. The hybrid formation was always better between B. cereus RNA and B. stearothermophilus DNA than with B. macerans DNA. Furthermore, in the comparison of the two messenger RNA populations, there was a slightly higher percentage of hybrid formation between the DNA and sporulation messenger RNA than with log-phase messenger RNA. The temperature of incubation did not affect the results. A range of 50 to 75 C was tested. The hybridization of the RNA with the DNA of other genera was very poor, but reproducible, suggesting that there are similar nucleotide sequences among genera.
The B. subtilis W23 DNA, which has a 43% GC composition, is approximately midpoint in GC composition between that of B. cereus DNA and B. macerans DNA. The results of hybrid formation between B. subtilis log-phase RNA and sporulation messenger RNA are presented in Table 3 . Each hybrid annealing mixture contained 25 Mg of heat-denatured DNA and logphase RNA-H3 (80 Mg, 4.2 X 105 count/min) or sporulation RNA-H3 (103 ,ug, 2 X 105 count/ min). Again, there was a sharp decrease in the relative amount of hybrid formed between heterologous DNA and RNA. However, as in the case with B. cereus, there is a greater amount of hybrid formed between the RNA and DNA from species whose DNA composition is closer to that of B. sutbtilis. The exception was B. stearothlermophilus DNA which formed slightly less hybrid than B. macerans DNA. In contrast to the case with B. cereus, the relative amount of hybrid formed with the log-phase RNA was higher than with sporulation-phase RNA. The differences were rather small and may not be significant in both sets of experiments. Again, the temperature of incubation did not affect the relative amount of hybrid formed.
In the final series of experiments, hybrid formation between B. subtilis W23 ribosomal RNA and heterologous DNA was tested. The ribosomal RNA was prepared by a method which minimized any contamination by messenger RNA. Each annealing mixture contained 50 ,g of heat-denatured DNA and ribosomal RNA-P32
(3 Mg, 9 X 104 count/min). The results of the hybrid experiments with ribosomal RNA are presented in Table 4 . The base ratio of the material hybridizing with DNA was identical to that of ribosomal RNA as shown in Table 1 . In contrast to the messenger RNA populations, the relative percentage of hybrid formed between B. subtilis ribosomal RNA and heterologous DNA was very high. The range was from 47.5% in B. macerans to 62.9% in B. cereus. The actual amount of RNA hybridized with DNA was determined from the specific activity of the RNA. The range in this case was from 0.267 Mg of RNA/100 ,g of B. subtilis DNA to 0.127 Mug of RNA/100 Mg of B. macerans DNA. These results indicate that significant hybridization occurred between ribosomal RNA and heterologous DNA. DISCUSSION The hybrid competition results illustrate that there is a population of messenger RNA made during sporulation which is different from that found in log-phase cells. These results are similar to that found in competition experiments between sporulation RNA and step-down transition and germination RNA reported previously (Doi and Igarashi, 1964b) . The presence of specific messenger RNA implies that control is being exerted at the level of transcription during the different growth phases.
In the analysis of hybrid formation between heterologous DNA and messenger RNA, it was found that some sequences of nucleotides were apparently conserved in species whose DNA composition varied from 33 to 50% GC. A random distribution of bases in these DNA preparations would prevent the sequence of nucleotides from being identical in all the genes. Hybrid formation does not imply that the complete sequence of nucleotides in a particular gene has been conserved; those stretches of RNA that are not in perfect register would be removed by ribonuclease activity, leaving only perfectly complementary sequences. It is not possible to state which RNA molecules in a population of messenger RNA are hybridizing; the specific activities of the preparations and the percentage of hybrid formed would in all likelihood rule out the ribosomal and soluble RNA as major fractions of the hybridizing material. This is particularly true in the case of sporulation RNA which has a base composition almost identical to that of DNA and much different from ribosomal RNA. Also, the base composition of the hybridized material is similar to DNA and not to ribosomal RNA. These results suggest, therefore, that genes for other functions are present which have identical or similar nucleotide sequences between species. The dramatic loss of hybrid-forming ability between heterologous DNA and RNA implies, however, that the vast majority of the genetic sequences differ enough to preclude hybrid formation. The amount of hybrid actually formed with heterologous DNA did not vary widely, ranging from 1 to 6%. Since heterologous hybrid formation does not indicate that the same RNA is involved in each case, it would be of interest to determine whether these sequences are similar among all these species and are highly conserved nucleotide sequences. The species from other genera formed much less hybrid with the sporulation-and log-phase pulse-labeled RNA of Bacillus species. This was the case even when these non-Bacillus species had DNA base compositions similar to Bacillus DNA. This suggests that these organisms classed as Bacillus species indeed have genetic sequences which are similar and may have evolved from a common ancestor.
The fact that sporulation messenger RNA did not hybridize more efficiently than log-phase messenger RNA makes doubtful any conclusions concerning the conservation of genes for sporulation during the evolution of spore-forming species. If genetic sequences for sporulation were conserved, a higher percentage of heterologous hybrid formation would have been obtained with sporulation RNA. However, log-phase RNA hybridized with heterologous DNA equally well. Therefore, sporulation functions have been maintained, but not exact nucleotide sequences. Furthermore, it makes any rationale on evolution based on high survival value in nature and conservation of exact genetic sequence rather dubious. The possibility remains, however, that a future refinement in techniques may result in the discovery of specific sporulation genes which have been conserved more rigidly than others. The use of total populations of messenger RNA has its limitations in any quantitative analysis of relatedness by the hybrid technique.
The results with ribosomal RNA revealed that these cistrons have been conserved to a greater extent than other cistrons. This is based on the fact that the experiments with ribosomal RNA resulted in relatively greater hybrid formation between heterologous DNA and ribosomal RNA than with messenger RNA. One might expect this a priori, since the base compositions of ribosomal RNA from an array of organisms are similar (Belozersky and Spirin, 1960) . Furthermore, in these experiments a mixture of 16S and 23S ribosomal RNA was used. Since the base ratios of 16S and 23S ribosomal RNA are similar (Doi and Igarashi, 1964a) , it is not possible to state whether one of the two or both are hybridizing. Further experiments with purified 16S and 23S RNA preparations should be revealing.
The amount of B. subtilis W23 ribosomal RNA that hybridized with B. subtilis W23 DNA agrees well with that found in the case of B. megaterium (Yankofsky and Spiegelman, 1963 This method of genetic analysis appears to be very sensitive. The fact that intrageneric hybridization was much more efficient than intergeneric hybridization indicates that the present classification of organisms in the genus Bacillus based on phenotypic properties may be confirmed at the genetic level. This extremely limited analysis will have to be expanded before any firm conclusions can be drawn. Work on this and related problems is in progress.
